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ABSTRACT Vascular nitrate tolerance is often accompanied by changes in the activity and/or expression of a number of proteins. However, it is not known whether these changes are associated with the vasodilatory properties of nitrates, or with their tolerance mechanisms. We examined the hemodynamic effects and vascular gene expressions of 2 nitric oxide (NO) donors: nitroglycerin (NTG) and S-nitroso-N-acetylpenicillamine (SNAP). Rats received 10 μg/min NTG, SNAP, or vehicle infusion for 8 hours. Hemodynamic tolerance was monitored by the maximal mean arterial pressure (MAP) response to a 30-μg NTG or SNAP bolus challenge dose (CD) at various times during infusion. Gene expression in rat aorta after NTG or SNAP treatment was determined using cDNA microarrays, and the relative differences in expression after drug treatment were evaluated using several statistical techniques. MAP response of the NTG CD was attenuated from the first hour of NTG infusion (P < .001, analysis of variance [ANOVA]), but not after SNAP (P > .05, ANOVA) or control infusion (P > .05, ANOVA).Student t-statistics revealed that 447 rat genes in the aorta were significantly altered by NTG treatment (P < .05). An adjusted t-statistic approach using resampling techniques identified a subset of 290 genes that remained significantly different between NTG treatment vs control. In contrast, SNAP treatment resulted in the up-regulation of only 7 genes and the downregulation of 34 genes. These results indicate that continuous NTG infusion induced widespread changes in vascular gene expression, many of which are consistent with the multifactorial and complex mechanisms reported for nitrate tolerance.
Nitroglycerin (NTG), a representative organic nitrate, was first introduced in the late 1800s for the treatment of angina pectoris. While this NO donor is still widely used in cardiovascular therapy today, its long-term clinical usefulness is limited by the development of pharmacological tolerance, which was observed for all organic nitrates, regardless of the dosage forms. 5 The mechanisms of vascular nitrate tolerance are believed to be multifactorial, including decreases in intracellular thiol levels 6 ; reductions in the activity of NTG metabolizing enzymes 7 and cyclic guanosine 3',5'-monophosphate (cGMP) production 8 ; increased oxidative stress 9 ; and changes in the expression/activity of endothelin-1, protein kinase C, 10 or endothelial NO synthase. 11 The presence of these widespread, and seemingly unconnected, alterations would suggest the possibility of additional regulatory changes that have yet to be identified. Recent advances in DNA microarray technology have enabled investigators to monitor gene expression on a large scale. 12 A typical high-density microarray contains thousands of genes spotted or immobilized on the matrix. This novel technique offers a significant advantage in terms of the number of genes that can be simultaneously analyzed, compared to conventional methods such as Northern blot analysis and reverse transcription-polymerase chain reaction (RT-PCR). DNA microarrays have been reported to provide quantitative data comparable to Northern blot analysis in general. 13 It appears attractive, therefore, to employ this newly developed technology for exploring the scope of regulatory changes in the vasculature as a result of nitrate tolerance.
INTRODUCTION
Since the identification of nitric oxide (NO) as an endothelium-derived relaxing factor, 1,2 various NO donors have been used for exploring the mechanisms of NO In these studies, we used S-nitroso-N-acetylpenicillamine (SNAP) as a negative NO donor control of vascular tolerance. SNAP is a member of S-nitrosothiols (RSNO), a class of NO donors that have been proposed to serve as endogenous carriers of NO in the circulation. 14, 15 Importantly, several RSNOs, including SNAP 16, 17 and S-nitrosocaptopril, 18 have been reported to produce little or no pharmacological tolerance both in vitro and in vivo. Thus, this class of NO donor can be conveniently In this investigation, we therefore explored the use of gene microarray technology to compare and contrast the scopes of changes in vascular gene expression after continuous infusions of NTG, SNAP, or control vehicle in conscious rats, and to examine whether these changes may be consistent with the various existing mechanisms of vascular nitrate tolerance.
MATERIALS AND METHODS

Materials
NTG solution (1 mg/mL in 5% dextrose, D5W) was obtained from Schwarz Pharma (Monheim, Germany). SNAP was purchased from Alexis Corp (San Diego, CA), and prepared in D5W. The "Perfect RNA TM Eukaryotic Minikit" for RNA isolation was obtained from Eppendorf (Westbury, NY). 33 P dCTP was obtained form Amersham Pharmacia Biotech Inc (Piscataway, NJ). Rat GF300 GENEFILTERS ® microarrays and other reagents were purchased from Research Genetics Inc (Huntsville, AL).
Animal Surgery
All surgical procedures were performed according to protocols approved by the Institutional Animal Care and Use Committee of the University at Buffalo. Male Sprague-Dawley rats weighing 300-400 grams were obtained from Harlan (Indianapolis, IN). Two days prior to the in vivo hemodynamic study, 3 catheters were implanted in animals at the following sites: the left femoral artery for blood pressure measurements, the left femoral vein for bolus drug administration, and the right jugular vein for drug infusion.
In Vivo Hemodynamic Studies
Systolic and diastolic blood pressures were recorded continuously using a Statham pressure transducer (Ohmeda Inc, Murray Hill, NJ) and a Gould RS3400 recorder (Gould Inc, Cleveland, OH). Baseline blood pressure was allowed to stabilize for at least 15-30 minutes before starting the experiment. To document the presence of NTG tolerance, maximum mean arterial pressure (MAP) response to a 30-μg NTG intravenous (IV) bolus challenge dose (CD) was determined. Rats then received continuous infusion of 10 μg/min NTG, SNAP, or D5W vehicle for 8 hours (n = 4-6 animals for each infusion group). Maximal MAP response to the hourly NTG CD was measured, and compared to the response obtained prior to drug infusion. To determine the presence of selftolerance, SNAP-infused animals also received a 30-μg SNAP bolus dose at baseline and every 2 hours thereafter. SNAP bolus CD was administered 15 minutes after the NTG CD. The infusion dose of 10 μg/min was chosen because previous studies of in vivo tolerance of NTG and SNAP in rats with congestive heart failure used this dose. 17 The use of a 30-μg bolus of NTG as a challenge dose was based on other studies (unpublished data) showing that this dose produced significant, rapid, and reversible hypotensive effects in conscious rats.
Total RNA Isolation
In separate studies, rats were infused continuously with 10 μg/min NTG or D5W vehicle (n = 4 each) for 8 hours via the right jugular vein. At the end of the infusion, the thoracic aorta was isolated and snap-frozen in liquid nitrogen. Total RNA from the rat aorta was isolated using the Perfect RNA Eukaryotic Minikit according to protocols recommended by the manufacturer. RNA concentration in the aortic sample was determined via spectrophotometry by measuring absorbance at 260 nm. RNA samples were stored at -80°C until the microarray assay. An identical experiment was conducted using SNAP vs vehicle control.
cDNA Microarray
Rat GF300 GENE FILTERS microarrays were treated according to the protocols established by the manufacturer. The GF300 microarrays consisted of 5 147 cDNAs with an additional 384 spots containing genomic DNA and housekeeping genes ( -actin). Microarrays were pre-hybridized with a hybridization solution containing COT-1 DNA (1 μg/mL) and poly-dA (1 μg/mL) in a hybridization roller oven (Biometra, Solon, OH) for 4 hours at 42°C. An aortic sample containing 3 μg of total RNA was converted to cDNA via reverse transcription with oligo-dT primers, and labeled with 33 dCTP. The labeling reaction was carried out at 37°C for 90 minutes, followed by purification of the labeled probe using a BioSpin 6 chromatography column (Bio-Rad, Hercules, CA). The probe was then denatured and hybridized with GENEFILTERS ® microarray overnight (~18 hrs) at 42°C. GENEFILTERS ® microarrays were washed as recommended in the protocol and then exposed overnight to a phosphor imaging screen and the signals were detected using a Cyclone PhosphorImager (Packard Instruments, Meridien, CT) equipped with OptiQuant analysis software (Packard Instruments, Meridien, CT). The microarray image was then imported to Pathways TM , an array analysis software program (Research Genetics Inc, Huntsville, AL), and aligned using the control points on the GENEFILTERS microarray. The intensity of each spot on the array was processed and identified by the Pathways internal database. To remove systematic variations due to differences in RNA preparation and labeling efficiencies among samples, the raw intensity values were normalized by dividing each value by the AAPS PharmSci 2002; 4 (2) article 10 (http://www.aapspharmsci.org). average intensity of all spots on an array (termed global or slide-wise normalization) 19 . In addition, 2 different sets of microarrays were used in each study and 4 replicates were carried for both treatment and control. This level of replication exceeded the recommendation for microarray experiments. 20 Microarray filters were stripped multiple times for reuse. The stripping efficiency of each microarray was checked by reexposing the microarray to the phosphor imaging screen and the signals were detected using the Cyclone PhosphorImager.
Microarray Data Analysis
To enable crossover determination on the microarray filters, 2 separate experiments were conducted, 1 involving NTG-treated (NTG1-NTG4) vs control (D5W1-D5W4), and another involving SNAP-treated (SNAP1-SNAP4) vs control (d5w1-d5w4). Differential gene expression between NO donor and D5W control was first evaluated using unpaired t-statistics. In order to assess the false discovery rate, that is, the proportion of falsely significant genes due to multiple statistical tests, a nonparametric approach based on resampling techniques was applied to the gene expression data. The resampling method refers to a statistical approach that constructs all possible outcomes within the same empirical data set via repeated sampling. 21, 22 The observed test statistic (from the "true" grouping) is then compared against the distribution of test statistics from all possible data sets that are randomly generated. 21, 22 This approach is widely accepted as a method to assess the reliability of reconstructed phylogenetic trees, 23 population genetics, 24 and biomedical experiments. 25 More recently, the use of the resampling-based methods (or bootstrapping) has been expanded to many other areas including the analysis of DNA microarray data. 26, 27 In this study, there existed 70 possible permutations of the expression data using 4 replicates for each treatment group (8!/4!*4! = 70). However, the t-statistics from 35 unique permutations of the data sets were calculated since the remaining 35 permutations are equal in magnitude, but with a negative sign. The permutation of the expression data was carried out as shown in Table 1 and the changes in gene expression were identified as significant if the given t-statistic from the data set was the highest value against the t-statistic distribution from all possible permutated data sets. Data analysis was also carried out using a recently published method for gene-array analysis, called "Significance analysis of microarrays" (SAM). 28 This technique also uses permutations of the data sets in order to control the false discovery rate.
Other Statistical Analysis
All other data are presented as mean ± SD. Statistical analysis was performed, where appropriate, using the Student t-test, or one-way analysis of variance (ANOVA), followed by the Student-Newman-Keuls posthoc test. Differences with P < .05 were considered statistically significant. Figure 1 shows the effects of 10 μg/min NTG, SNAP, or vehicle infusion, as such, on MAP. In normal conscious rats, continuous infusion of D5W vehicle had no apparent effect on MAP, which remained stable between 110-125 mm Hg throughout the 8-hour infusion time (P > .05, ANOVA). The variability of these measurements within the study period was approximately 10%. In both NTGand SNAP-infused animals, the MAP also remained fairly constant throughout the study period (P > .05, ANOVA). Although MAP decreased slightly over time in the SNAP-infused group, the results did not reach statistical significance (P > .05, ANOVA). These results indicated that infusion of these 2 NO donors, at 10 μg/min, produced no apparent hypotensive effects in normal conscious animals. Figure 2 shows the effects of drug infusion on the hypotensive effects of the hourly 30-μg NTG CD. With vehicle infusion, the hourly NTG CD all produced similar maximal MAP response throughout the entire study period (P > .05, ANOVA), confirming that vehicle infusion did not lead to any diminution of effect during the study period. In the NTG-infused group, attenuation in the hypotensive effect of the NTG CD was observed from the first hour of NTG infusion (P < .001, ANOVA), confirming the development of nitrate vascular tolerance. In the presence of SNAP infusion, repeated NTG bolus CD produced a consistent decrease in peak MAP of about 33%, and none of the values obtained during infusion was different from its corresponding baseline response at zero hour (P > .05, ANOVA). These results indicated that SNAP infusion did not diminish the MAP response of the NTG CD, suggesting the absence of cross-tolerance between NTG and SNAP in normal conscious rats. Figure 3 shows the maximal MAP response of the 30-μg SNAP bolus CD in the presence of SNAP infusion (10 μg/min). Similar to the MAP response produced by the NTG CD, the 30-μg SNAP bolus dose produced a decrease of 30.4% ± 6.5% in maximal MAP prior to SNAP infusion (P > .05 vs NTG, Student t-test). At 2, 4, 6, and 8 hours after the start of SNAP infusion, the SNAP CD still produced a similar MAP response as that observed at zero hour (P > .05, ANOVA). These results suggested that SNAP did not produce self-tolerance in MAP response in our animal model. 
RESULTS
Differences in Hemodynamic Tolerance Between NTG and SNAP
Differential Vascular Gene Expression Patterns Induced by NTG and SNAP Infusions
In preliminary studies using the same RNA sample, we found that stripping and membrane crossover had no apparent effects on gene expression so long as the microarray membranes were not stripped more than 4-5 times. Table 2 lists the general descriptive statistics for the 2 sets of microarrays (NTG vs D5W or SNAP vs D5W) used in our study. Similar average background intensities were observed between NTG vs D5W and SNAP vs D5W. The normalized average intensity for the 2 sets of microarrays was also similar, with signals ranging from 1827 to 1979 arbitrary units, indicating that NTG or SNAP treatment did not cause a global up-or down-regulation of the genes spotted on the microarray filter. In D5W control animals, a wide range of intensities was observed for the 5531 genes, indicating that these genes were differentially expressed in the rat aorta in the absence of drug treatment. The mean coefficient of variation (% CV) was found to be fairly similar between treated and control membranes. The microarray data obtained for the genes were quite variable, as indicated by the wide range of CVs, ranging from 1% to 200% for the 5531 genes. However, at most only 0.5% of the gene signals had % CV greater than 100 for both sets of microarray filters. The degrees of variability that we observed were consistent with other reported studies employing the gene microarray technique. 29 Application of t-statistics to the microarray data revealed that the expression of 447 genes was significantly altered by NTG treatment vs control, of which 252 were up-regulated and 195 were down-regulated. In comparison, SNAP infusion led to alteration in the expression of 67 genes, of which 14 were up-regulated and 53 were down-regulated. Application of the more stringent permutation-adjusted t-statistic to the NTG data showed that a subset of 290 genes exhibited the highest rank of the t-statistic among all 35 possible permutated data sets. Of these, 131 genes were significantly higher, and 159 genes were lower, after NTG treatment when compared to D5W control. In comparison, application of the permutation-adjusted t-statistic to the SNAP infusion data produced 41 significantly altered genes, of which 7 were up-regulated and 34 were down-regulated.
The "called" genes after using the permutation-adjusted statistical method were further examined. Table 3 and 4 give listings of the specific genes that were up-regulated or down-regulated, respectively, as a result of NTG infusion. Of the known vascular genes that had been significantly up-regulated, the changes ranged from 130% to 226% (Table 3 ). In comparison, the significantly down-regulated genes generally showed about a 2-fold decrease in expression. After SNAP treatment, 5 of 7 up-regulated genes were ESTs (expressed sequence tags), while the remaining 2 genes encode the basement membrane-associated chondrotin proteoglycan Bamacan (SNAP/D5W = 1.45) and mannose 6-phosphate/insulin-like growth factor II receptor (MAP/IGF2r, SNAP/D5W = 1.80). The known genes that were down-regulated by SNAP treatment are listed in Table 5 . Interestingly, from our analysis, there were no common genes that were altered by both NTG and SNAP treatment.
DISCUSSION
Hemodynamic Differences Between NTG and SNAP
The present study showed that NTG and SNAP exerted differential hemodynamic tolerance properties as well as gene expression patterns after in vivo treatment. This observation is consistent with the view that the pharmacological actions of NO donors are not identical, even though they all release NO as the obligatory intermediate. The presence of MAP tolerance was clearly demonstrated for NTG, while SNAP showed no apparent tolerance development.
The absence of in vivo cross-tolerance between NTG and SNAP, and self-tolerance toward SNAP, are clearly demonstrated in Figure 2 and 3. These results are consistent with those of Bauer et al, 17 who showed in a rat model of congestive heart failure that NTG hemodynamic tolerance, measured as % change in left ventricular end-diastolic pressure, was observed within 5 hours of continuous NTG infusion while SNAP produced little apparent tolerance. In addition, our in vivo studies are consistent with previous in vitro findings showing that SNAP produced no apparent tolerance as measured by vascular relaxation 16 and cGMP production. 30 The apparent differences in the hemodynamic properties between NTG and SNAP may in part arise from the differences in NO liberation from these 2 NO donors. NTG requires metabolic activation and cofactors such as thiols to release NO while S-nitrosothiol metabolism to transfer NO may require enzymes such -glutamyl transpeptidase 15 or glutathione-dependent formaldehyde dehydrogenase. 31 Since NTG is highly lipophilic, it is generally assumed that NO release from NTG occurs intracellularly, which then acts on vascular smooth muscles. During tolerance development there might be a down-regulation of the enzymes that are involved in NTG metabolism such as cytochrome P-450 and GST. In contrast, SNAP is a much more polar compound than NTG, 32 and it is generally assumed that this agent can release NO in the extracellular space, and undergoes a transnitrosation process by which NO is transferred from one molecule to the next via cysteine residues in pro [4,3-] quinoxalin-1-one (ODQ, an inhibitor of soluble guanylyl cyclase, sGC). These authors suggested that in addition to the activation of the heme-site on sGC, SNAP can activate the sulfhydryl-site on sGC, leading to vasodilation. 4 The differences between NTG and SNAP in metabolic activation and sGC activation may contribute to the differential hemodynamic effects observed in our present study.
Although the permutation-adjusted t-statistic identified 290 genes that are significant, these genes may still include some false positives. Given the extreme number of multiple comparisons, the use of probability values to assign significance in microarray studies leads to the high occurrence rate of false positives (the family-wise Type I Error, FWE). A number of statistical approaches are available to control this false-positive rate resulting from multiple comparisons. For example, the Bonferroni correction is a single step method to adjust the significance criteria in multiple hypothesis testing (the adjusted P value = .00001 for multiple testing of 5531 genes). However, this correction is often found to be overly conservative for microarray data analysis and has very low power when the number of tests is high. Indeed, this correction method identified no genes to be significantly different after NTG treatment. In addition, the Bonferroni correction, like other multiple-comparison corrections for single-inference procedures, assumes that each test is independent of the other. This is unlikely to be the case in gene expression studies from biological samples, since various mechanistic pathways interact with many others.
Statistical Issues in the Analysis of Gene Array Data
A simple technique that has been applied for comparisons of microarray data involved the identification of genes with a 2-fold or higher difference between the mean intensity for the group. However, this approach fails to account for sample variation and possibly leads to the false positives when a data set has considerable variability. For example, Miller et al 33 have shown, via a simulation study using 10 000 genes, that the ratios of 450 genes can be higher than 2 by chance alone with a 35% of CV. In addition, this ratio-based approach ignores the fact that a difference less than 2-fold can also elicit meaningful biological effects. As an alternative approach, the parametric t-statistic has been used in the data analysis of DNA microarrays. This method, however, assumes normality and constant variance, which may not be always appropriate for gene expression data in microarrays. We therefore calculated a permutation-adjusted t-statistic in order to account for the unequal variance between genes that showed low vs high expression levels. By comparing the t-statistic of a given data set against the t-statistic distribution of all possible permutated data sets, we further assessed the likelihood of obtaining a given significant t-statistic observed by chance alone.
Using a statistical resampling approach, Westfall and Young's step-down adjustment method has been adapted for the analysis of DNA microarray. 34 This stepdown correction method indicated that a subset of 55 genes was significantly different. Of these, 24 were significantly higher and 31 were significantly lower in NTG treatment than D5W treatment. Recently, Tusher et al 28 have published another method for microarray data analysis, called Significance Analysis of Microarrays (SAM), which accounts for multiple comparisons during the analysis of microarray data sets. This method has an advantage of estimating the percentage of wrongly significant genes, the false discovery rate (FDR), by using permutations of the repeated measurements. The authors have reported that the step-down adjustment method of Westfall and Young 34 was still too stringent for their data, while SAM allowed them to identify a subset of genes with an acceptable FDR. 28 Using a microarray analysis package provided by these authors (downloaded from http://wwwstat.stanford.edu/~tibs/SAM/index.html), we showed that a subset of 231 genes (all down-regulated) was significant at an estimated FDR of <1%. This method appeared to be less stringent than the step-down correction method and also allowed us to adjust the FDR, which in turn affected the number of genes that could be called significantly different. However, the estimated values for FDR appeared to be distributed rather unevenly and more than 2000 genes were identified as significantly different at ~7.5% FDR. At <1% FDR, 159 out of 231 genes were found to be overlapping with the genes that were identified as significantly down-regulated by the permutation-adjusted t-statistic that we employed. Therefore, SAM, even at <1% FDR, identified more genes to be significantly down-regulated than the permutation-adjusted t-statistic. These results suggest that the approach using the permutation-adjusted t-statistic can identify genes that are more likely to be differentially regulated without substantially increasing the false discovery rate, either false positives or negatives, compared to the other methods. Therefore, we chose the permutation-adjusted t-statistic for our data analysis. The field of bioinformatics relating to interpretation of gene microarray data is at present in its nascent stage. Future development in this field, accompanied by acquisition of more experimental data, will lead to a more concrete paradigm for analyzing these data.
Changes in Vascular Gene Expression and Mechanisms of Nitrate Tolerance
The transcriptional changes shown for a number of genes (Table 3 and 4 ) appeared to be consistent with literature reports documenting the presence of specific regulatory changes associated with nitrate tolerance. For example, there was an increased expression of genes for cGMP-stimulated phosphodiesterase (NTG/D5W = 1.83), 8 an enzyme responsible for the breakdown of cGMP, while the decrease in gene expression was observed with metabolic enzymes such as CYP450 (phenobarbital-inducible, NTG/D5W = 0.50) and glutathione S-transferase (Ya subunit, NTG/D5W = 0.52). 35, 36 In addition, a number of genes that are involved in cellular signaling were altered by NTG treatment. For example, the expression levels of genes encoding various kinases and phosphatases were found to be altered: tyrosine phosphatase (CBPTP, NTG/D5W = 2.26), protein phosphatase (2A-beta subunit, NTG/D5W = 0.53), and G protein-coupled receptor kinase (GRK6a, NTG/D5W = 0.57). Differentially expressed genes also included transcription factor (IIIC alpha-subunit, NTG/D5W = 1.91), STAT3 protein (NTG/D5W = 2.17), and cysteine-rich protein 2 (CRP2, NTG/D5W = 0.53). These findings support the hypothesis that the pharmacological effects of NTG are mediated by alterations in signaling events that follow transcriptional changes of many related genes. Some of these genes appeared to have some relevance to the mechanisms of NTG action. For example, signaling pathways involving the STAT family of transcription factors have been shown to contribute to the cardioprotective effect during myocardial ischemia, 37 for which NTG is widely used. CRP2 has been recently identified as a novel substrate for cGMP kinase I, 38 which is a major target of cGMP in smooth muscle. Importantly, the differentially expressed genes included many genes associated with cellular oxidation/reduction, for example, genes coding various oxidases and reductases (Table 3 and 4) . In recent years, oxidation by reactive oxygen and nitrogen species has been increasingly recognized as an important signaling and regulatory mechanism. 39, 40 Our observations are consistent with the view that vascular nitrate tolerance might be associated with oxidative stress 9 and possibly oxidative protein modification.
Although the GeneFilters ® membranes (GF300) were not customized to monitor the expression of genes for vascular signaling, our results appeared to provide some interesting leads that can be used to probe the possible mechanisms of NTG actions. For example, ceruloplas-Consistent with the results found in the in vivo hemodynamic study, the cDNA microarray study also revealed differential gene regulations by NTG and SNAP. Vascular nitrate tolerance appeared to be accompanied by alterations in the expression of many genes. SNAP produced no apparent hemodynamic tolerance and affected the change of a smaller number of vascular genes. In contrast to the results observed with NTG, only 2 "known" genes were induced by SNAP. Thus, it can be argued that these changes were unlikely to be derived from the NO action of SNAP, since NTG (which also produced NO) did not elicit these changes.
It is recognized that caution should be exercised when interpreting data from microarrays since these arrays primarily serve as a first line screening method for druginduced effects. Results obtained from these studies should be further confirmed either by traditional methods such as Northern and Southern blot analyses or by quantitative real time PCR. Nevertheless, using this new technique, we have demonstrated for the first time an apparently extensive effect of vascular nitrate tolerance on gene expression. Consistent with the differential hemodynamic effects of NTG and SNAP, we also observed differential gene expression patterns induced by these 2 NO donors, suggesting that altered gene expression in the vasculature may play a role in nitrate tolerance.
